INTRODUCTION
The yeast Pichia pastoris is widely used for expression of foreign proteins. Vectors that are designed to integrate into the Pichia chromosome enable stable expression, but transformation efficiencies are very low (1) (2) (3) . Low transformation efficiencies have been accepted as inevitable for Pichia vectors because, unlike many other yeast systems, the plasmid must both enter the yeast cell and integrate into specific locations in the host chromosome, an inherently inefficient process (4) . Pichia is usually transformed by electroporation or by the time-consuming spheroplast approach. Both procedures can yield similar 10 3 -10 4 transformants/µg DNA. Much lower efficiencies are usually obtained due to the use of an inefficient integration site, difficult inserts, and technical difficulties. Transformation efficiencies are even worse with chemical methods (1) . DNA can be transformed into Pichia with lithium acetate (LiAc) alone, but the transformation efficiency is very low (1, 5) .
Chemical pretreatment of cells enhances transformation efficiency in other yeast (2, (5) (6) (7) . High efficiency transformation of Schizosaccharomyces pombe by electroporation requires pretreatment with dithiothreitol (DTT) (7) .
The transformation efficiency of Saccharomyces cerevisiae and its mutants is enhanced greatly by electroporation after combined LiAc and DTT pretreatment (5). Here we found that Pichia transformation efficiency also can be enhanced approximately 150-fold when the cells were treated with LiAc and DTT prior to electroporation. The production of large numbers of transformants will enable efficient selection of multicopy transformants and random mutants exhibiting desirable characteristics.
MATERIALS AND METHODS
The P. pastoris strain GS115 and plasmid pPIC9K were purchased from Invitrogen (Carlsbad, CA, USA).
The yeast was grown overnight in YPD medium (1% yeast extract, 2% peptone, 2% dextrose). Twenty microliters of yeast culture were transferred to 100 mL of YPD medium and incubated at 30°C until the cell density reached 1-2 A (absorbance) at 600 nm (A 600 ). The cells were collected by centrifugation. The number of cells was calculated according to the formula 1 A 600 = 5 × 10 7 cells/mL (1) .
The plasmid pPIC9K was grown in Escherichia coli, prepared by the EndoFree™ Plasmid Maxi Kit protocol and reagents (Qiagen, Valencia, CA, USA), digested with restriction enzymes, and measured by spectroscopy at 260 nm.
The following standard transfection procedure was used except as noted. The cells were pelleted from 100 mL of 1 to 2 A 600 /mL medium, and for each transformation, 8 × 10 8 cells were suspended at room temperature for 30 min in 8 mL of 100 mM LiAc, 10 mM DTT, 0.6 M sorbitol, and 10 mM Tris-HCl, pH 7.5. The cells were then pelleted, resuspended in 1.5 mL of ice-cold 1 M sorbitol, transferred to a 1.5-mL microcentrifuge tube, washed three times with 1.5 mL ice-cold 1 M sorbitol, and resuspended in 1 M ice-cold sorbitol at a final concentration of about 10 10 cells/ mL. The cells were mixed with 3 ng of DNA in 1 µL of water, transferred to a 0.2-cm gap vial, and incubated for 5 min on ice. The electroporating pulse was applied at 1.5 kV, 25 µF, 186 Ω using a Electro Cell Manipulator™ 600 (BTX, San Diego, CA, USA). The electroporated cells were immediately diluted in 1 mL of ice-cold 1 M sorbitol, and 2-to 200-µL aliquots were spread on plates containing RDB medium [ 30°C. Untransformed P. pastoris strain G115 failed to grow on this medium. Statistical analyses were done by Student's t-test and regression analysis.
RESULTS AND DISCUSSION

Pretreatment of P. pastoris G115 with LiAc and DTT Increased Transformation Efficiency
The transformation efficiency of Pichia increased more than 150-fold when the cells were pretreated with a combination of LiAc and DTT (P < 0.001) ( Table  1) . Pretreatment with DTT alone increased the efficiency about 20-fold (P < 0.02). No increase was found if the cells were pretreated with LiAc alone. LiAc has been used previously to stimulate DNA transformation in S. cerevisiae alone or in combination with other chemicals or electroporation (5). Pretreating S. pombe with DTT can enhance transformation efficiency by electroporation (7). Pretreatment of S. cerevisiae with a combination of LiAc and DTT also enhances transformation efficiency by electroporation (5) . While the mechanism for these effects is unclear, treatment of S. cerevisiae with a combination of LiAc and a reducing agent has been shown to increase their permeability (8) . These two chemicals may act by different mechanisms; combining both appears to multiply the effect.
Effect of DNA Concentration on Transformation Efficiency
Plasmid pPIC9K was digested with SacI, diluted, and transformed into P. pastoris G115 under the standard conditions described in the Materials and Methods section. The highest efficiency occurred at the lowest concentrations of DNA, as expected, but decreased only 6 times with a 1000-fold increase in the amount of DNA (P < 0.001) ( Table 2 ). The transformation efficiency was not significantly different within 1-10 ng range of DNA. Transformation efficiencies were significantly lower at 300 and 1000 ng (P < 0.05). This effect was less than in previous studies, where increasing DNA concentrations from 1 to 500 ng decreased transformation efficiency in S. pombe by approximately 60 times (7) . At the highest DNA concentration (1 µg), the transformation produced an average of 260,000 transformants.
Effect of Cell Density
Cells were collected at 1-2 A 600 /mL, treated with LiAc and DTT, washed, and diluted to the desired concentrations. SacI-digested pPIC9K (3 ng) was transformed into each cell concentration, and the transformed colonies were counted. The transformation efficiency varied directly with cell density (P < 0.001) ( Table  3) . At 10 10 cells/mL, the transformation efficiency reached more than 3 million transformants/µg DNA. At 10 9 cells/mL, the efficiency was only about 200,000 transformants/µg DNA, and at 0.5 × 10 9 cells/mL, it was only about 64,000/µg. The increase in transformation efficiency with higher cell densities appeared to be more than linear, suggesting that the transformation process was actually more efficient at higher cell densities. These results show that high cell densities were critical to obtaining high transformation efficiency in Pichia.
It is not clear why more cells were transformed at high cell densities. Fewer DNA molecules were available for each cell at high density. One possibility is that the plasmids somehow interfered with each other at low cell densities. This seems unlikely, however, because Pichia cells were grown to various phases as measured by absorbance (A) at 600 nm. Cells were concentrated to 10 10 /mL, pretreated under standard conditions, and electroporated with 3 ng of SacI-digested pPIC9K. The number of transformants is shown as the total number per µg DNA. Results are the mean and standard deviation (× -± SD) of three experiments. 
DRUG DISCOVERY AND GENOMIC TECHNOLOGIES
the transformation efficiency changed only 6-fold when the DNA concentration was raised from 1 to 1000 ng. Another possibility is that cells electroporated at low concentrations failed to survive the procedure. However, the survival rate of pretreated cells after electroporation appeared similar (between 12%-15%) in the range of 0.5-10 × 10 9 cells/mL (data not shown). The very low transformation efficiency at cell densities below 1 × 10 9 cells/mL, which are used for most other yeast, appeared to be a major cause for the low efficiency frequently reported for Pichia transformation.
Effect of Cell Phase on Transformation Efficiency
P. pastoris G115 cells were grown to different phases from 0.55 to 4.06 A 600 and concentrated to 10 10 cells/mL. The highest transformation efficiency was obtained with cells grown to 1.51 A 600 , but this was significantly different only from cells grown to 4.06 A 600 (Table  4) . It was clear that growing cells to an A 600 from 1.0 to 2.6 provided the highest transformation efficiencies.
Effect of Integration Site on Transformation Efficiency
The transformation efficiency of pPIC9K cut with different restriction enzymes was quite different. Digestion by SacI, which cuts in the 5′ AOX1 gene fragment (Figure 1 ), gave the highest transformation efficiency (P < 0.05) ( Table 5) . SalI-and BglII-digested pPIC9K gave low efficiencies, one not being consistently better than the other. It was not clear why the transformation efficiency of SalI and SacI digests differed so greatly. The integration efficiency should be dependent on the length of the sequence shared between the vector and chromosome, which is longer in the SalI-digested HIS4 gene than the SacIdigested 5′ AOX1 gene. This implied that the efficiency of integration into different genes might be different. The low efficiency of the BglII-digested plasmid, which also integrates into the AOX1 gene, was expected because integration requires two crossover events to replace the AOX1 gene. Interestingly, circular pPIC9K gave 20-to 636-fold fewer transformants/µg DNA than cleaved DNA, but still a useful number for some purposes.
The transformation efficiency of pPIC9K with a 1.2-kb insert was not significantly different from the vector alone (data not shown).
Effect of Voltage, Capacitance, and Resistance on Transformation Efficiency
A series of different combinations of electrical settings was tested to optimize the conditions for transformation. Voltage had the largest effect on transformation efficiency, 2 kV being significantly inferior to 1.5 kV (P < 0.05) ( Table 6 ). Capacitance also influenced the transformation efficiency, 25 µF being slightly superior to 50 µF, although this difference was not statistically significant. Resistance, on the other hand, appeared to be unimportant within the two settings tested. The optimal electroporation parameters for pretreated cells were identical to those for untreated cells (data not shown).
The sum of all the improvements revealed by this study showed that Pichia can be transformed with efficiencies as high as other yeast. The resulting protocol enables the construction of large recombinant libraries, which makes Pichia available as a host for mutant selection methods not previously feasible because of low transformation efficiencies. Undigested or enzyme-digested pPIC9K DNA (10 ng) was transformed into cells as described in the Materials and Methods. The number of transformants produced per 1 µg DNA is indicated. Results are the mean and standard deviation (× -± SD) of four experiments. 
